Among the 194 Fusarium verticillioides isolates screened from 127 cereal samples, 176 were fumonisin producers and others were non-producers. Representative nine Fusarium verticillioides strains along with one reference standard strain MTCC156 were selected to study their morphological, pathological and mycotoxicological variations by conventional and molecular approaches. Fusarium verticillioides strains FVM86, FVM146, FV200 and FVS3 showed significant pathogenicity and also in pigmentation production but varied in fumonisin production. Fusarium verticillioides strain FVP19 recorded variations in all the assays. Fusarium verticillioides strain FVM42 showed drastic phenotypic variation and it also produced fumonisin. Genetic variation among the strains was independent of geographic area of origin but depended on their ability to produce fumonisin. The strains were independent in their cultural characteristics, pigmentation production, pathogenicity assays, fumonisin production and in their genetic variability without having any correlation.
Introduction
Fusarium verticillioides is the well-known pathogen of agriculturally important crops due to their great variability with respect to morphological, physiological and genetic properties (Leslie 1991 (Leslie , 1995 . They are more frequent in certain climatic regions and on some host plants mainly associated with root, stalk and ear rot on maize affecting crop yield between 10 and 30% in Europe (Logrieco et al. 2003) . It mainly causes Fusarium stalk rot in maize which is characterized by discoloration of pith tissue causing premature plant death (Afolabi et al. 2008; Yamamura and Shim 2008) . Natural F. verticillioides populations in Iran are genetically highly divergent and are a potential risk for disease development (Gohari et al. 2008) . High disease incidence was observed in maize fields during 2004 and 2005 , and used multilocus markers to detect populations (Milgroom 1996) . Seed infection was high in Costa Rica maize crops with potential risk for disease development and fumonisin accumulation (Danielsen and Jensen 1998) in association with symptomless infection along with stalk and ear rot (Bacon and Hinton 1996) .
Fusarium verticillioides is a ubiquitous and versatile pathogen producing fumonisins, a group of polyketidederived secondary metabolites toxic to when consumed along with food and feed by humans and animals and FB1 has classified it as a group 2B carcinogen by International Agency for Research on Cancer (1993) (Desjardins et al. 1998; Lazzaro et al. 2012) . Kernel infection by Gibberella fujikuroi is of concern because of the loss of grain and seed quality, and the potential occurrence of fumonisins and other mycotoxins (Munkvold and Desjardins 1997) . Fumonisin B1 is most abundantly produced and it causes leucoencephalomalacia in horses, pulmonary oedema syndrome in pigs, hepatocarcinogencity and hepatotoxicity in rats and also associated with humans causing oesophageal cancer.
The potentiality of fumonisin biosynthesis by fungal strains from different cereals helps to predict the risk of contamination by mycotoxins. Different toxicological profiles of F. verticillioides strains should show important 1 3 105 Page 2 of 10 differences in the risk for mycotoxin contaminations with implication for human and animal health, biological control of mycotoxin contamination and mycotoxin synthesis (Proctor et al. 2006) . Mycotoxicological and pathogenic characterization of fungal plant pathogens can be complemented by fingerprinting. Wide range of pathogenicity in terms of effect on seed germination, seedling development and of symptoms produced on detached leaves, which were not correlated with the different in vitro fumonisin production. Amplified Fragment Polymorphisms Analysis (AFLP) analysis indicated the presence of genetic diversity not only between Italian strains and the American reference but also among the Italian isolates (Covarelli et al. 2012) . Restriction fragment length polymorphism (RFLP) and Random amplified polymorphic DNA (RAPD) can also reveal genetic variability between different species and within the same species, giving us information about genetic differences which could correspond to different mycotoxicological or pathogenic profiles (Moretti et al. 2004; Reynso et al. 2009 ).
The present work was to carry out a comprehensive study to determine (i) the morphological differences of F. verticillioides strains isolated from the cereal samples from different districts of Karnataka, (ii) their pathological variations on stalk, cob and kernels, (iii) the ability of F. verticillioides strains to biosynthesize fumonisins, and (iv) the genetic variability among them with respect to MTCC reference strains. The study also demonstrated the individual strains of F. verticillioides for its substantial differences in their ability to produce fumonisins and differences among the geographical and host origins.
Materials and methods

Fungal strains/culture
A total of 194 F. verticillioides isolates were screened from 127 cereal samples (61 maize, 42 paddy, 24 sorghum) covering all districts of Karnataka State. Among which 18 isolates were non-fumonisin producers (Deepa et al. 2016a) . All the 194 isolates were grown on potato dextrose agar (PDA) medium. Among them representative nine isolates [FVM42 (Kodagu), FVM86 (Mysore), FVM146 (Bellary) from maize, FVP200 (Mandya), FVP19 (Mysore), FVP31 (Hassan) from paddy, FVS3 (Haveri), FVS22 (Mysore), FVS36 (Mandya) from sorghum)] of F. verticillioides with cultural variability of pigmentation, sporulation, colony diameter from maize, paddy and sorghum were selected and used in the assays along with a positive control MTCC 156. Mycological evaluation for the collected cereal samples were carried out as per Sreenivasa et al. (2011) .
Preliminary variations
Cultural and microscopic characterization of F. verticillioides strains Different media of potato dextrose agar (PDA), Czapek-Dox agar (CZA), potato sucrose agar (PSA), Spezieller Nahrstoffarmer agar (SNA), malt extract agar (MEA) and yeast extract malt agar (YEMA) were prepared and autoclaved. About 15 mL of each medium were poured onto Petri plates and after solidification all the ten F. verticillioides strains (including MTCC156) were center-inoculated onto every medium plate and incubated for 10 days with alternating periods of 12 h darkness and 12 h light at 25 ± 2 °C. The colony diameter of each strain grown on each medium was measured on fourth and seventh day of incubation. At the end of incubation period, each plate was observed for its cultural and microscopic characteristics/variations and recorded.
Pigmentation variations among isolated F. verticillioides strains
Potato dextrose broth (PDB) of 50 mL was suspended in each conical flask and autoclaved. Fresh 10 6 spore suspensions of F. verticillioides strains were inoculated to all ten flasks and incubated in alternating periods of 12 h darkness and 12 h light at 25 ± 2 °C for 10 days. After incubation, pigmentation formed was observed and OD was measured at 560 nm.
Phenotypic variations
Pathogenicity assays
Inoculation of cobs Fresh cobs from the fields were brought to the laboratory. A single-line kernel of each cob was inoculated with fresh 10 6 spore suspension of each F. verticillioides strains. Inoculated cobs were incubated in a controlled moisture conditions for 10 days. After incubation, kernels showing Fusarium infestation were harvested to analyze the percent infection in the respective cobs. Liquid chromatography-mass spectrometry (LC-MS) was performed for the infected kernels to study the pathogenicity assay of the isolates. The ability to colonize in the germ of maize kernels was also tested by maintaining cobs in triplicates with control lane inoculated with sterile distilled water.
Inoculation of stalk Two-month-old maize plants were selected for this experiment. Wounds measuring 5 mm depth were made near the center of the second internode above the soil line of each maize stalk and fresh 10 6 spore suspensions of F. verticillioides strains were injected into wound. Sterile distilled water (10 µl) was injected into 5-mm deep wounded maize stalk and maintained as negative control. Wounded sites were covered and were incubated for 13 days. Stalk rot evaluation was done by vertically cut opening the maize stalk on the fourteenth day of incubation and area of pith discoloration was quantified using the formula A = πr 2 . Plants were maintained in triplicates (Ridenour and Bluhm 2014) .
Inoculation of kernels Maize kernels from fields were brought to the laboratory. Kernels were autoclaved followed by overnight suspension with 50 mL of each F. verticillioides spore suspension (10 6 spores/mL). The kernels were then incubated by blotter method at alternation periods of 12 h darkness and 12 h light at 25 ± 2 °C for 10 days. After incubation, kernel rot was estimated by determining the percent of kernel infection among different strains of F. verticillioides.
Fumonisin variations and LC-MS analysis
All the ten isolates of F. verticillioides were tested for their ability to synthesize fumonisin B1 and its variation among the isolates. The concentration of 10 6 spores/mL of 1 mL of each isolate was artificially inoculated into 5 g autoclaved cereals in culture tubes. The tubes were incubated up to 27 days. After incubation, samples were finely ground using liquid nitrogen, in a sterile pestle and mortar and further used for fumonisin extraction. The ground sample weighing 0.4 g was taken in a sterile glass vial and suspended with 2 mL acetonitrile/ water (1:1) extraction solvent and allowed for equilibration overnight in a gel rocker at 28 ± 2 °C. The extracts were syringe filtered using 0.45-µm nylon membrane filters and liquid chromatography/mass spectrometry (LC/MS Waters Acquity Synapt G2, United States) was performed for the sample extracts. Column C18 was used at 50 °C and sample temperature being 24 °C for a run time of 8 min with mobile phase being water/acetonitrile. MassLynx SCN781 software was used to validate the LC/MS results. All sample extraction was carried out in triplicates.
Genotypic variations
Restriction fragment length polymorphism DNA samples of all nine strains with reference to F. verticillioides MTCC 156 were subjected to PCR using VERTF-1/ VERTR primers (Deepa et al. 2016a ). Further, restriction fragment length polymorphism (RFLP) fingerprinting of the PCR-amplified products was performed for all ten isolates. RFLP analysis was performed on 6 µl of PCR product in a mixture containing the appropriate restriction enzyme buffer and restriction endonuclease as suggested by the manufacturer (Fermentas) and incubated at 37 °C for 3 h. The restriction endonucleases used to generate the RFLP patterns were HaeIII, HinfI, KpnI, HindIII, EcoRI and XhoI (Conventional Fermentas) for the ten strains of F. verticillioides. F. verticillioides (MTCC 156) was the reference control. The resultant restricted PCR products were analyzed by electrophoresis in 2% (w/v) agarose gel (Sigma). PCR product without enzyme was served as negative control (Kim et al. 2001 ).
Random amplified polymorphic DNA
Isolated nine DNA samples and reference strain were subjected to PCR with three RAPD primers (R1-5′-AGGHCTC GAT AHCMGVY-3′, R14-5′-MTGTAMGCT CCT GGG GAT TCHC-3′, R16-5′-AMGTAHGTG ACT GGVGTGH-GYG-3′) from Chromous Biotech. Pvt. Ltd., India. PCR conditions were: 94 °C for 5 min of initial denaturation, 40 cycles of 94 °C for 1 min of denaturation, 40 °C for 1 min of annealing, primer extension at 72 °C for 2 min and final extension at 72 °C for 2 min. The PCR reaction included 1 μL of dNTPs, 2.5 μL of Taq buffer, 2.5 μL of MgCl 2 , 0.5 μL of Taq polymerase, 1.5 μL DNA, 2 μL of each primer (5 pg/μL) and 15 μL of water in a total volume of 25 μL reaction. Later, the PCR products were analyzed in 2% agarose gel with 100-bp DNA ladder and gel, which was documented using a gel documentation system after staining with ethidium bromide. The assay was repeated thrice to authorize the repeatability (Vijayan et al. 2012) .
Results
The selected nine strains [FVM42, FVM86, FVM186-isolated from Maize, FVP200, FVP19, FVP31-isolated from paddy, FVS3, FVS22, FVS36-isolated from sorghum ( Fig.  S1) ] were confirmed as F. verticillioides by PCR using species-specific primers VERTF-1 and VERTR and its fumonisin producing variability by fumonisin-specific primers VERTF-1 and VERTF-2 (Deepa et al. 2016a, b, c) . Based on its PCR results, six strains of fumonisin-producing strains (FVM42, FVM86, FVP200, FVP31, FVS3, FVS36 ) and three non-fumonisin producing strains (FVM186, FVP19, FVS22) were used for further assays (Fig. 1) .
Preliminary variations
Cultural and microscopic characteristics of F. verticillioides strains
The ten isolates colony diameters were found to be more on SNA media and less on CZA medium. F. verticillioides FVMTCC156 strain grew moderately when compared to F. verticillioides strains FVM42, FVM86, FVM186, FVP200, FVP19, FVP31, FVS3, FVS22 and FVS36. PSA and YEMA media exhibited moderate growth of colony when compared to PDA and MEA medium (Fig. S2) . Sporulation was more on SNA and PSA media when compared to other media. Colony growth variations among the isolates based on diameter was found drastically more on PDA, PSA and YEMA media when compared to SNA, MEA and CZA media (Fig. 2) .
Pigmentation variations
Pigmentation production was found (Fig. S3) verticillioides strains FVP31 and FVS36 and least pigmentation was in F. verticillioides strain FVM42 (Fig. 3) .
Phenotypic variations
Pathogenicity assays
Inoculation of cobs Fumonisin producing and non-producing isolates could not be easily distinguished for pathogenicity based on colonization, since F. verticillioides strains FVP200 and FVP19 were very highly colonized compared to F. verticillioides strains FVMTCC156 and FVM42 which are least colonizing among other strains. F. verticillioides strains FVM86 and FVM146 recorded high colonization and F. verticillioides strains FVS3 and FVS22 were found to be moderately colonized but F. verticillioides strains FVP31 and FVS36 were less colonized. The kernels from each cob lane were subjected to LCMS for their pathogenicity analysis (Fig. 4) . (Figs. 5, 6 ).
Inoculation of stalk
Inoculation of kernel
Kernel rotness was measured to study the phenotypic variations (Fig. S4) . Rotness was 100% in F. verticillioides strains FVP31 and FVS22 and F. verticillioides strains FVM146, FVM86, FVP19, FVP200 and FVS3 recorded above 85%, whereas in F. verticillioides strains FVS36, and FVM42 more than 75% kernel rot was recorded. Reference strain FVMTCC156 showed 54% rotness (Fig. 7a) . (Fig. 7b) . (Fig. 8) .
Fumonisin variations and LC-MS analysis
Genotypic variations
Random amplified polymorphic DNA
PCR amplification of total genomic DNA with random oligonucleotide primers generated unique banding patterns depending on primers and isolates. Three nucleotide primers selected for the RAPD analysis resulted in 162 bands for ten isolates of F. verticillioides (Fig. 9) . Genetic variability was observed in isolates from F. verticillioides strains FVM86, FVP200, FVP19 and FVP31, FVS3, and FVS36 representing same banding pattern for R1 primer, F. verticillioides strains FVP19, FVP31 and FVP31, and FVS3 resembled banding pattern similar to R14, and F. verticillioides strains FVM86, FVM146, and FVP19 recorded similar banding pattern as R16 and remaining isolates differed from each other (Table 1) .
Discussion
Fusarium verticillioides strains were characterized in terms of preliminary, pathogenic and genetic variability with respect to fumonisin production. Earlier it was shown that 18 out of 194 strains did not produce fumonisin, indicating phenotypic variability among F. verticillioides (Deepa et al. 2016a, b, c) . The results showed that the fumonisin-producing ability among isolates is neither linked to geographical origin nor to host origin but it is uniformly distributed. FUM 1 is the gene responsible for fumonisin biosynthesis but it did not produce fumonisin (Moretti et al. 2004 ). Sanchèz-Rangel et al. (2005) also showed that the FUM 1 gene containing maize in Mexico did not produce fumonisin. Present results support earlier reports that fumonisin production is not essential for pathogenicity (Logrieco et al. 2003) and it also does not act as virulence/aggressiveness factor (Jardine and Leslie 1999; Desjardins and Plattner 2000) . There is no correlation between cultural characteristics, genetic variability, pathogenicity assay and fumonisin biosynthesis in different maize tissues such as cob, kernel and stalk were found. F. verticillioides strains FVM86, FVM146, FVP200 and FVS3 were having significance in all pathogenicity and pigmentation. F. verticillioides strains FVS36 and FVM42 were prominent in kernel rotness but FVM42 was having very less pigmentation and less colonized in cob and stalk. Similarly, F. verticillioides strain FVS36 recorded less pigmentation and less colonization in cob and stalk. F. verticillioides strains FVP31 and FVS22 recorded 100% kernel rotness, whereas F. verticillioides strain FVS22 was highly pigmented moderately colonized in cob and exhibited less necrosis in stalk. Similarly, F. verticillioides strain FVP31 was less colonized in cob and moderately necrotised in stalk and produced less pigmentation. F. verticillioides strain FVP19 was varied in all assays recording moderate pigmentation, high colonization in cob minimum rotness in kernel and less necrosis region in stalk. Development of pigmentation in strains was independent of growth of cultures on different media and pathogenicity assays.
Fumonisin non-producing strains/negligible producing strains possessed low level of reduced virulence which could possibly be used in biological control to reduce the level of toxin-producing strains in the field thereby reducing mycotoxin contamination in feed stuff Plattner 2000, Sneh 1998) . F. verticillioides strain FVM86 was greatly associated with all phenotypic variations and produced negligible amount of fumonisin B1 and F. verticillioides strain FVM146 recorded no fumonisin production. Fumonisin-producing strain F. verticillioides strain FVM42 had drastic phenotypic variations. Phenotypic and genotypic variations may vary in each isolate independent of its fumonisin production and cannot be concluded based on its growth or pigmentation variations.
Thirty-three F. verticillioides strains from different origin and hosts were analyzed for fumonisin production and were characterized by PCR-RFLP to detect variations and to discriminate the isolates (Patino et al. 2006 ). In present study, identical pattern was recorded for two restriction endonuclease enzymes HaeIII and HinfI. Strain level differentiation was observed for KpnI, HindIII, EcoRI and XhoI endonucleases. RFLP patterns generated were used to detect the occurrence of genetic-related groups of strains within the species. Group of non-fumonisin-producing strains showed less variability than fumonisin-producing group of strains according to (Kerengy et al. 1999 ). RAPD applied to fungal studies would be useful in providing marker for identification purpose. Several studies have reported about the molecular differentiation while examining variations of Fusarium species (Abd-Elsalam et al. 2004; Singh et al. 2006) . F. oxysporoum infecting vanilla in South India consisted of a single clonal lineage with moderate level of genetic diversification as observed using RAPD markers (Vijayan et al. 2012) . In the present study, genetic diversity was observed in respect of strains with same banding pattern for the primers used and some strains found to be unique (Table 1) . Among 99 isolates of F. oxysporum sixty isolates were characterized by RAPD markers using DNA bulks with 40 primers and cluster analysis of RAPD data showed three clusters of isolates within Foc for the study of Foc races distribution (Jimenez-Gasco et al. 2001) . Cramer et al. (2003) characterized genetic diversity and pathogenicity of 166 isolates of F. oxysporum from bean and sugar beet plants by 12 RAPD primers generating 105 polymorphic bands. Cluster analysis from RAPD analysis clearly separated isolates into two clusters A and B confirming genetic diversity among the isolates of F. oxysporum from onion (Malathi and Mohan 2012) . Genetic diversity among isolates from maize pathogen was found to be very high but specific relation was not observed between vegetative compatibility groups and their geographical origin (Mohammadi and Mofrad 2011) . In the study, RFLP and RAPD analysis showed genetic diversity among isolates which was not related to their geographic area of origin or host specific but depend on ability of strains to produce fumonisins.
Conclusion
The isolates collected from different geographic regions throughout Karnataka from maize, paddy, and sorghum were tested for their ability to produce fumonisin. All the ten isolates tested showed no correlation in their cultural characteristics, pigmentation production, pathogenicity assays, genetic variability and ability to produce fumonisin. The F. verticillioides strains FVM86 and FVM146 isolated from maize were dominant in their pigmentation production and pathogenicity but showed negligible amount or no fumonisin production. F. verticillioides strain FVS3 isolated from sorghum is a high fumonisin producer but least varied phenotypically with kernel rot and stalk rot variations but varied in pigmentation production. F. verticillioides strain FVP19 isolated from paddy varied drastically in all assays where it was moderately pigmented and highly colonized in cob and had minimum kernel rotness but very less necrosis region in stalk and it is a non-fumonisin producing strain with moderate cultural characteristics and sporulation. Individual strains demonstrated different fumonisin production and showed differences in pathogenicity, preliminary and genetic variations in which no correlations could be observed between these parameters. Overall, the findings increase the knowledge on mycotoxin production which is independent of pigmentation and pathogenic variations along with genetic variations and its cultural characteristics. 
